A method for monitoring cortical perfusion by laser Doppler flowmetry (LDF) in the neurointensive care unit is described. Out of 22 patients with head injuries, reliable and long term recordings were obtained in 16. Laser Doppler flowmetry registered changes in cortical microcirculatory flow in response to spontaneous waves of raised intracranial pressure, and to therapeutic manoeuvres that altered the cerebral perfusion pressure. Comparisons of variations in flux signal with cerebral perfusion pressure provided an indication of the autoregulatory state of the cortical microcirculation, and analysis of raw LDF data demonstrated an autoregulatory breakpoint of cerebral perfusion pressure of 58 mm Hg, below which cortical perfusion failed. Although middle cerebral artery flow velocities were generally tightly coupled with LDF signal changes, episodes of uncoupling were seen. The potential uses and limitations of LDF in the neurointensive care setting are discussed.
The secondary pathophysiological mechanisms excited after brain trauma are complex, and involve dynamic changes in intracranial pressure,' cerebral perfusion pressure,2 and cerebral blood flow. 3 In conditions of low cerebral perfusion pressure, varying degrees of impaired autoregulation of cerebral blood flow occur that may compromise oxygen and substrate delivery to the brain parenchyma.24 Such secondary events are believed to be important in the generation of ischaemic lesions seen after severe head injury. 6 The recognition of a changing state of cerebral perfusion pressure in patients with head injuries has required the continuous monitoring, recording, and computer processing of data derived from reliable intracranial and arterial pressure measuring devices. Noninvasive transcranial Doppler studies allow waveform analysis of blood flow velocities in the basal arteries. Falling cerebral perfusion pressure is associated with changes in the flow velocity pulsatility indices that are believed to reflect failing cerebral autoregulation.37 The effect of a changing cerebral perfusion pressure, however, on the parenchymal microcirculatory flow in patients with head injuries is largely unknown. Classic methods used to estimate regional cerebral blood flow clinically, such as the '33xenon clearance method, and xenon enhanced CT, have limited temporal resolution,38 hence changes in regional cerebral blood flow accompanying transient alterations in cerebral perfusion pressure have proved difficult to capture. A method providing a continuous measure of cerebral blood flow that can be established within the neurointensive care unit is needed.
Laser Doppler flowmetry (LDF) is a technique that provides a continuous measure of relative microcirculatory flow.9 10 The final signal generated is a measure of microcirculatory red cell flux (the product of red cell concentration and the red cell velocity).'I 12 Experimental use of LDF in vitro '3-'5 and in ViVo13 [15] [16] [17] [18] [19] [20] has consistently demonstrated a close linear correlation between LDF flux and cerebral perfusion pressure measured with a variety of standard methods. The method has shown particular use in the observation of changes in microcirculatory flow induced by physiological and pharmacological stimuli,'8 [21] [22] [23] [24] [25] [26] [27] and the laser light used does not seem to alter the morphological and physiological characteristics of the vascular bed examined. 18 Laser Doppler flowmetry is not quantitative, however, records from a small tissue volume, and provides no information on the direction of blood flow. Furthermore, experience has shown that the flux signal is very sensitive to the artifacts of local tissue pressure and movement, so that the reliability of the technique is critically dependent on the method of application. Despite these drawbacks, LDF has already shown potential for blood flow measurements [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] were entered into the study. The study was approved by the Cambridge Health Authority local research ethics committee. PATIENT 
MANAGEMENT
All patients were sedated with midazolam (2-10 mg/h infusion) and fentanyl (0 -1-0 5 mg/h infusion), paralysed with atracurium (0-3-1-2 mg/kg/h infusion), intubated, and ventilated to a Pco2 of 3-5-4-0 kPa.
Intravenous fluid (Haemaccel and normal saline) were given to achieve a central venous pressure of between 5-10 cm H20. Attempts were made to maintain a cerebral perfusion pressure of greater than 55 mm Hg in those patients with raised intracranial pressure using a constant infusion of dopamine (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) ,ug/kg/min). If this treatment failed, boluses of mannitol (200 ml of 20% over 20 minutes) were given and repeated as necessary.
For assistance with the interpretation of data, the nursing staff were asked to document and time any manoeuvre that might cause a signal artifact (such as turning the patient, endotracheal suction, flushing of arterial lines). They were also invited to perform their tasks during specific periods, providing two-hour intervals for the collection of relatively undisturbed data.
MONITORING
Invasive and continuous monitoring of arterial blood pressure (20 G catheters, Arrow UK; transducers and monitors, S and W Denmark) and intracranial pressure (Camino, USA) were routinely undertaken in all patients. The intracranial pressure supporting bolt was positioned in the right or left frontal region according to the side of maximum injury as seen on admission CT. In 10 patients, long term monitoring of middle cerebral artery flow velocities was also undertaken by transcranial Doppler (TCD-Scimed, UK).
LASER DOPPLER FLOWMETRY
At the time of insertion of the Camino intracranial pressure device, a second Camino bolt was sited about 3 cm further lateral to the intracranial pressure bolt to support a single LDF probe. Care was taken during the siting of this bolt not to breach the dura with the twist drill such that once the drill hole was completed, a blunt stylet passed down the hole could be felt to spring upon the dura. The camino bolt was then twisted in position, and the dura was punctured with a lumbar needle passed down the bolt shaft. If any bleeding occurred, haemostasis was secured by irrigation with normal saline until the effluent was clear. A precalibrated and sterilised LDF probe was passed through the support bolt until the pliable surface of the cortex was encountered. With the probe connected to the monitor, the probe position was withdrawn (2-3 mm) until a maximal pulsatile signal was achieved. On further withdrawal (1-2 mm) the signal began to fall. The depth of the probe was increased again until the maximum signal was regained, at which point the locking screw was tightened. Repositioning of the probe was possible once the patient was on the neurointensive care unit allowing intermittent optimisation of the signal.
In four cases, intraoperative placement of the LDF probe indicated that the cortex had been breached (thereby offering little resistance to the LDF probe as it penetrated into the brain parenchyma). Two of these occurred as a result of the twist drill inadvertently penetrating the dura. As the probe tip entered the brain parenchyma, the intensity of the signal fell to about 30% of the more superficial flux readings. To achieve a reliable surface cortical flux signal, the probes had to be resited. During planned withdrawal from the ventilator in one patient, the Pco, was allowed to rise from 4 0 kPa to 4-8 kPa. After this manoeuvre, plateau waves of raised intracranial pressure resulted in a reduced cerebral perfusion pressure (fig 5) . A tightly coupled fall in flow velocity and LDF signal (r = 0 80) indicated impaired cerebral and cortical perfusion. Withdrawal from the ventilator was thus delayed for a further 48 hours when a similar challenge caused no fall in perfusion at a Pco, compatible with self ventilation.
Uncoupling between flow velocity and the Figure 6 shows that attempted withdrawal from dopamine caused a sudden increase in intracranial pressure and a fall in cerebral perfusion pressure. Both middle cerebral artery flow velocity and LDF signals simultaneously fell indicating impaired perfusion. On restarting the dopamine and recovering the cerebral perfusion pressure, flow velocity returned to previous levels, whereas LDF indicated a pronounced cortical hyperaemia lasting 25 minutes. Figure 7 shows the events of a terminal cone in another patient. During the final 1 houtir Figure 7 Progressive fall in CPP during cerebral coning in a patient with head injury who did not respond to treatment. The progressive failure of microcirculatoryflow is seen in the decline in the LDF signaL FV remained positive, and later became reverberant.
hours before brain death, monitoring indicated a gradual increase in intracranial pressure despite maximum treatment. As cerebral perfusion pressure fell toward zero, the LDF signal also fell towards zero indicating failing cortical perfusion. Flow velocity recordings still registered a positive middle cerebral artery blood flow pattern which later became reverberant. Further, such recordings may prove of value when considering general therapeutic manoeuvres to improve cortical flow. For example, in one patient, the withdrawal of isotropic support caused a rapid fall in cortical perfusion, and in another, a similar event occurred after attempted withdrawal from the ventilator.
In most instances, changes in cortical perfusion measured with LDF were tightly
to the use of transcranial Doppler in patients with head injuries, indicating that variations in flow velocity usually reflect variations of blood flow through the cortical microcirculation. Uncoupling of flow velocity and LDF signals were also noted, however. The hyperaemic response that followed manipulation of a dopamine infusion was registered only by LDF, indicating a possible differential effect of the drug on different parts of the vascular tree. A wider experience using combined transcranial Doppler and LDF may help to determine the incidence and relevance of such events where uncoupling occurs between large vessel and small vessel perfusion.
The technique of LDF is subject to several artifacts that are difficult to overcome in the clinical setting. Maintenance of constant probe position is particularly difficult. The sampling volume is small (1-2 mm3),13" 0 and may not give clinically relevant information in cases of focal pathology. Finally, LDF does not provide quantitative data. These points are considered further.
LDF ARTIFACT
By rigid fixation of an LDF probe in a position that samples from the surface of the brain, we have been able to record cortical red cell flux over long periods of time in ventilated patients with head injuries. Such monitoring is only possible in paralysed patients as movement significantly affects laser scatter, and hence output signal. Any movement incurred by nursing manoeuvres causes substantial variations in flux signal. The documentation of such events, and their restriction to allocated periods when possible, was an essential part of the study.
Unfortunately, unlike recordings in experimental animals,35 LDF through the intact dura did not provide an adequate LDF signal in our patients. The probe was therefore positioned adjacent to the pia within the subdural space. The major concern regarding data collected with this arrangement is the effect of pressure on the cortex from an inflexible probe. Variations in cerebral swelling might impinge on the probe end, thereby reducing capillary perfusion in that area and give an artificially low reading. No significant change in the LDF amplitude was noted, however, in any recording during raised intracranial pressure. Further, adjusting the depth of probe penetration into the cranial cavity by 2-3 mm did not significantly affect the signal intensity. Additional penetration (5-6 mm) caused a fall in LDF output. We interpret this as indicating that the initial probe position in these patients was 2-4 mm above the cortical surface without significant impingement, and that this position was maintained throughout the period of the recording.
At low levels of cerebral perfusion pressure (<30 mm Hg), LDF signals often became non-pulsatile and showed wide variations in signal intensity. These findings are likely to represent a signal artifact resulting from mechanically induced oscillations in red cell movement and reverberant flow patterns. Because LDF cannot discriminate flow direction, excessively large signal changes may result by summation of artifact.
RELIABILITY OF THE METHOD
In six patients, the LDF signal proved unreliable despite frequent attempts to adjust the depth of probe penetration. A number of explanations can account for this. Firstly, the probe may have been overlying injured brain. Secondly, inadvertent breach of the cortical surface may cause local injury that will impair red cell perfusion and cause local haemorrhage. Thirdly, the laser scatter theory of LDF assumes a small parenchymal concentration of red cells.'5 Should the probe lie above a medium or large sized vessel, these assumptions are not satisfied. Finally, significant cerebral swelling may impair perfusion by the mechanisms outlined. The fact that we were able to resite the probes successfully in two patients indicates that attention to probe position with respect to the cortical surface is critical if LDF is to provide reliable data. It is probable that these difficulties may be partly overcome with improved probe design and technique of insertion.
PROBE LOCATION
Sampling purely from the grey matter would seem an advantage, providing information on sub-pial collateral cortical flow. The flux values would also be devoid of multicompartmental influences. Inadvertent penetration of the pia during insertion often resulted in a drop of flux signal by up to 60%. This could reflect cortical injury, but may also indicate white matter flow. Long term recordings with the probe in this position were not undertaken in this study so we cannot decipher these findings further. Except for the characteristic "feel" of the probe on the surface of the brain, the methods did not allow us to be precise about the location of the probe tip. Standardisation of probe design, insertion, and calibration will be of the utmost importance in the further development of the method. 
